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Abstract. Performing parameter identiﬁcation prior to numerical simulation is an essential
task in geotechnical engineering. However, it has to be kept in mind that the accuracy of the
obtained parameter is closely related to the chosen experimental setup, such as the number of
sensors as well as their location. A well considered position of sensors can increase the quality
of the measurement and to reduce the number of monitoring points. This Paper illustrates this
concept by means of a loading device that is used to identify the stiffness and permeability of soft
clays. With an initial setup of the measurement devices the pore water pressure and the vertical
displacements are recorded and used to identify the afore mentioned parameters. Starting from
these identiﬁed parameters, the optimal measurement setup is investigated with a method based
on global sensitivity analysis. This method shows an optimal sensor location assuming three
sensors for each measured quantity, and the results are discussed.
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1 INTRODUCTION
Identifying the correct soil parameters is essential to perform a reasonable numerical sim-
ulation of a geotechnical problem. As the behaviour of soft clay is very complex, laboratory
experiments are required to determinate its parameters. Therefore, for these experiments a
correct planning is necessary and can be decisive for the quality of the gained results. The
methodology of optimal experimental design (OED) is not established in the ﬁeld of geotechni-
cal engineering and few examples are known from civil engineering [1]. Other scientiﬁc ﬁelds
use this technique to improve the signiﬁcance of their experiments (for instance see [2] and [3])
During this study, the question is: “Where should the vertical displacement and the pore water
pressure be measured in an experimental device to identify the soil’s parameters most pre-
cisely? ” Translated to the way of thinking of the OED, the variable parameters are the spacial
coordinates of the sensor location and the corresponding parameter space is the boundaries
of the loading apparatus. To detect these sensor locations, this study’s approach is to use the
global sensitivity analysis (GSA). This method indicates by which parameter a certain output
is inﬂuenced and is well proven in geotechnical engineering (see [4] and [5]). In this method,
to precisely identify parameters, it is necessary that the output of interest has a high sensitivity
towards the used parameter. Consequently, when comparing the sensitivity of the same param-
eter in different points, the point that indicates the highest sensitivity should be most suitable
for the parameter identiﬁcation.
2 EXPERIMENTAL PROGRAM
The numerical model that is presented in the next chapter simulates a cross section of the ex-
perimental devise corresponding to the left part of ﬁgure 1. This device and its operating mode
have been presented ﬁrst in [6]. The right wall of the box in this cross section is impermeable as
well as the left one and the membrane between water and soil area at the top that separates the
soil from the water. During the whole process displacement of soil medium is recorded in the
cross-marked spots, while the pore water pressure (uw) is recorded by three pressure transduc-
ers below the loading plate. The dark grey area represents the examined reconstituted Kasaoka
clay that is initially consolidated by means of the uniformly distributed air and water pressure
on top. The main experiment is started by applying 30 kPa by the loading plate on one side of
the soil specimen. Afterwards a consolidation time of one hour takes place. Then the process
of increasing load and consolidation is repeated two more times, leading to a total loading of
90 kPa. The experiment is concluded by a 100 hours consolidation, leading to a total dissipa-
tion of the developed uw. The dissipation excess pore water pressure occurs via the permeable
boundary at the bottom.
3 NUMERICAL FORWARD MODEL
Soft soils and especially clay have an explicit time depending hydro-mechanical behaviour.
That means structures built on clayey soils do not only exhibit large settlements right after
loading process, but some settlements can take place over a very large time period, known as
consolidation. In the present work the modiﬁed cam clay model [12] is selected to simulate the
current case. It has six constant parameters, as follows: the compression index λ (≡ loading
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Figure 1: Experimental device [6]
stiffness), the swelling index κ (≡ unloading stiffness), the slope of critical state line M , the
Poisson ratio ν, the permeability kx = ky (initially constant in both directions), and the change
ratio of permeability due to reduction of void ratio ck.
The experimental process was simulated in a 2D-model created with the FEM-based code Plaxis
2D. The boundaries on the sides are assumed to be ﬁxed and impermeable, while the bottom
allows no deformations but is permeable. The top boundary is impermeable to consider the
rubber membrane. The distributed loads that are applied to model the water pressure and the
loading plate can cause displacements.
4 PARAMETER IDENTIFICATION
To capture any possible combination, the ranges for the parameter identiﬁcation were explic-
itly chosen very large, corresponding to [7] and [8]. Out of these ranges, 100 parameter samples
using latin hypercube sampling were created. The numerical model was run for each parame-
ter sample and the uw and Uy values were recorded at the end of the loading and consolidation
phases. As performing parameter identiﬁcation within an optimisation analysis process needs to
run hundreds times the model a huge amount of time or computational effort is needed. There-
fore, a metamodel is trained out of the input and output data, based on a mathematical function,
namely the least square method to substitute the numerical model. In this way the optimisation
algorithm can be applied to any parameter combination in a very short time, without need of
running the time consuming FE-code.
To ﬁnd the optimal parameter set the least square method is deﬁned as objective function, re-
ducing the distance between the simulated and measured values of Uy and uw in the three points
below the loading plate (ﬁgure 1). The process of optimisation itself is performed using the
generic algorithm within the “Matlab Optimization tool ” [9].
After being identiﬁed these parameters are applied in the numerical forward model and the re-
sulting curves for the uw and Uy are plotted in ﬁgure 2. Regarding the curves describing the
uw-distribution, a high agreement can be seen between the measurements and their correspond-
ing simulation data, especially after the last loading. The displacement curves in the right part
of ﬁgure 2 show qualitatively good result and the ﬁnal values at the end of the ﬁnal consolidation
are almost matched. During the loading phases the settlement grow to fast indeed. The aspect
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Figure 2: Optimised simulation data for uw and Uy versus time
that has to be considered is that maybe the measurements from the three points that were used
to identify the parameter do not contain enough information to perform a reliable identiﬁcation.
This is the initial thought that motivates the current work.
5 IDENTIFICATION OF OPTIMAL SENSOR LOCATIONS
5.1 Determination of sensitivity distribution
The basic deﬁnition of sensitivity analysis is the study of how uncertainty in the output of
a model (numerical or otherwise) can be apportioned to different sources of uncertainty in the
model input [10]. Global sensitivity analysisis run in this study by variance based method. The
main idea of variance based methods VB is to evaluate how the variance of inputs contribute
into the variance of the model output. The total effect sensitivity index ST i is a more com-
prehensive index which indicates the inﬂuence of input factors and their coupling terms with
the other input factors. The procedure for calculation of ﬁrst order and total effect sensitivity
indexes has been presented by Saltelli [10].
The results of the GSA in a point below the loading are shown in ﬁgure 3. As the most impor-
tant parameters are the permeability k and the loading stiffness λ, the ongoing work focusses on
these parameters. For the GSA, it is necessary to have a variation of the input parameters and
therefore changing results. However, as the soil parameters are already identiﬁed, the parameter
ranges can be reduced and the correlation between stiffness and permeability is considered to
have a more accurate soil behaviour description. For the following GSA 100 samples of per-
meability are created within the reduced range of [1.3E − 9 - 1.3E − 8]. The corresponding
stiffness values are generated, according to [12] and [11], resulting in a range for λ of [0.251
- 0.361]. All of these parameter samples are run in the numerical forward model to create a
metamodel as described in section 4. The difference is that this time the results are not only
recorded in one point, but for 152 locations, distributed over the whole system, but concentrated
below the loading area. Subsequently, GSA is performed in each of this points for Uy and uw
with respect to the permeability k and the stiffness λ to gain the sensitivity indices ST i.
As the parameter identiﬁcation is based on real measurement values which include an uncer-
tainty, the results are falsiﬁed. Assuming that the uncertainty is a ﬁrst order error, the larger the
measured values are, the higher the reliability of these values are. Therefore it is reasonable to
consider not only the sensitivity but also the variance of a certain output by multiplying them
with each other.
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Figure 3: GSA-indices STi for point P1
6 RESULTS
The output of the 100 FE- simulations which were used to create the metamodel are also
used to compute the variance of both output values of outputs in each of the mentioned 152
points. Finally, the variance of each point is multiplied with the corresponding sensitivity index
ST i(x, y). The results are displayed as contour plots presenting the product, distributed over the
whole space of the experimental surface (see ﬁgure 4). In case (a) a large area of high sensitivity
can be seen below the loading area with even increasing sensitivity in lower areas. Below the
loading plate uw has its highest values, but is strongly related to the applied load on top and
less to the permeability k. The only possibility for uw to dissipate is through the boundary at
the bottom of the experimental device. The explanation for the shape of ﬁgure 4(b) is closely
related to ﬁgure 4(a). The time point that is considered is at the end of a simultaneous loading
and consolidation phase, which means below the loading plate uw is high and the presence of
excess pressure prevents soil-stiffness induced settlements. In the bottom area uw can dissipate
and soil deformation is again related to the stiffness λ.
At the position (x = 0.15, y = 0.095) the settlements are quite small, as this describes the limit
of the loading area. However in this point not only compression takes place, but here there
are also shear stress. This shear stress inﬂuences the void ratio and according to [11] and [12]
the change in void ratio also changes the soil’s stiffness and its permeability. This explains the
shape of the plots ﬁgure 4(c) and (d), as there the most sensitive behaviour is observed in the
same mentioned area.
According to the gained results one could suggest measurement devices for the vertical dis-
placements at the positions (0.15, 0.095), (0.18, 0.03), and (0.21, 0.095). The measurement of
uw could be useful at (0.15, 0.095), (0.18, 0.01), and (0.21, 0.01). One should consider that
technical feasibility can be limiting when rearranging the sensors, especially in areas near the
boundaries. Having such information could help to reduce uncertainties and computational
work as the employed data is reduced.
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Figure 4: Sensitivity distribution for uw towards k (a) and λ (b), and for Uy towards k(c) and λ (d)
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